Contamination of land by persistent organic pollutants has significant implications for human health and for future development potential. Bioremediation is an effective method for reducing the concentrations of such contaminants to below harmful levels, but the presence of co-contaminants may hinder this process. Here, we present the results of a 40-week microcosm study in which the biodegradation of 16
many former industrial sites, particularly those with a history of coal gasification or waste incineration (Cerniglia, 1997) . These toxic and in many cases, carcinogenic and mutagenic substances (Baird, Hooven, & Mahadevan, 2005) can be present in contaminated sites at concentrations of thousands of mg kg −1 and may therefore pose a significant environmental health risk. Remediation of such sites is often achieved using bioremediation (Gan, Lau, & Ng, 2009 , Northcott & Jones, 2001 , Wammer & Peters, 2005 , which may be enhanced by bioaugmentation or biostimulation (Hamdi, Benzarti, Manusadzianas, Aoyama, & Jedidi, 2007; Straube et al., 2003; Tyagi, Da Fonseca, & De Carvalho, 2011) . However, in assessing the viability of bioremediation, it is important to understand the effect that co-contaminants might have.
In the soil environment, PAHs distribute between the aqueous phase and multiple soil phases, each possessing a different degree of bioaccessibility (Deary, Ekumankama, & Cummings, 2016 , Gramss, Voigt, & Kirsche, 1999 , Hwang & Cutright, 2002 , Johnsen, Wick, & Harms, 2005 , Semple et al., 2004 . In each of these phases, PAH removal involves a complex community of microorganisms that provide numerous enzymatic pathways for metabolism (Gramss et al., 1999; Johnsen et al., 2005) , as well as producing biosurfactants that may solubilise the PAHs, thus increasing the rate and extent of biodegradation (Bezza & Chirwa, 2017 , Hwang & Cutright, 2002 , Johnsen et al., 2005 . The soil microbial community also needs to be capable of metabolising the toxic intermediates of PAH degradation (Baboshin & Golovleva, 2012) . For all these reasons, it might be thought that increased microbial diversity should be associated with more extensive PAH degradation. Moreover, any factor affecting microbial diversity, such as the presence of metal co-contaminants, as in this study, might be expected to impair the overall extent of biodegradation. Nevertheless, literature studies have often reported the opposite, that is, that reduced microbial biodiversity is associated with positive effects on biodegradation, for example, soils contaminated with diesel (Bell, Yergeau, Juck, Whyte, & Greer, 2013; Jung, Philippot, & Park, 2016) . This relationship has been explained in terms of a reduced competitive inhibitive effect on the key biodegrading species, that is, through the removal of species that are utilising soil resources or colonising strategic soil environments yet are not directly contributing to the biodegradation process (Bell et al., 2013 , Jung et al., 2016 .
It is therefore important to investigate how microbial biodiversity and other biotic parameters are related to the scope and efficiency of PAH removal in soils, especially since PAH-polluted sites are often cocontaminated with heavy metals at concentrations likely to impair the microbial community structure (Atagana, 2006) . In the present paper, we report on the effect that cadmium (Cd; up to 620 mg kg Full details of the experimental set-up, including PAH-and metal-spiking procedures, can be found in Deary et al. (2016) . In summary, the experiment was carried out over a 40-week period in soil microcosms cut from white Polyvinyl Chloride (PVC) piping of drinking-water standard (30 cm long and 3.2 cm diameter). PAH and metal spiking of the soil was carried out in bulk in a cement mixer. For each separate treatment, 42 microcosms were prepared, each containing approximately 250 g wet weight of soil; this allowed the harvesting of three replicates of each treatment for analysis at 0, 1, 2, 3, 5, 7, 9, 12, 15, 20, 25, 30, 35 , and 40 weeks. The microcosms were stored at 20°C with diurnal light cycle and were maintained at 75% of the maximum water holding capacity. The soil used for these studies was sampled from a wooded urban greenfield site in Newcastle upon Tyne, UK. The soil contained 11.4% organic carbon, 0.37% nitrogen (both measured using a Thermo Scientific Flash 2000 Organic Elemental Analyser), and background concentrations of <1 mg kg −1 Cd and 201 mg kg
Pb; the latter was due to atmospheric emissions from historical lead works in Newcastle (Deary et al., 2016 , Mellor & Bevan, 1999 . Concentrations for the different metal treatments, measured by Energy Dispersive X-ray Fluorescence analysis of the dried soil samples, are shown in Table 1 , along with other soil properties. Hg was used to sterilise soil microcosms that were to serve as abiotic controls; however, some biological activity returned after the initial spiking, and the procedure had to be repeated at 7 weeks. The total PAH concentration for amended samples was 2,166 mg kg −1 with individual abundances detailed in Table 2 .
| PAH degradation
For each of the soil treatments, triplicate microcosms were extracted using Accelerated Solvent Extraction and analysed for the 16 USEPA PAHs using Gas Chromatography with Mass Spectrometry (GC-MS),
as described in Deary et al. (2016) . 
| Soil respiration
Soil respiration rate was determined using the OxiTop manometric system (Kaakinen, Vahaoja, Kuokkanen, & Roppola, 2007 , Platen & Wirtz, 1999 , Schaefer & Juliane, 2007 , The International Organization for Standardization, 2002 . A combined soil sample was obtained from the triplicate microcosms. Maintained at 75% water holding capacity, 100 g of soil was transferred to a 250 mL OxiTop bottle and incubated at 20°C ± 1 for 2 days.
The soil respiration rate, BA, (mg O 2 kg −1 d −1 ) was calculated from the linear region of the pressure decrease curve using Equation (1) (Platen & Wirtz, 1999) , where M R (O 2 ) = molar mass of oxygen (32,000 mg mol −1 ); V fr = free gas volume (0.195 L); R = gas constant (83.14 L mb mol −1 K −1 ); T = measurement temperature (293.15 K); m Bt = mass of dry soil (kg); and Δp = pressure reduction
2.4 | Community-level physiological profiling using BIOLOG Ecoplates BIOLOG Ecoplates are an established, rapid, and reproducible technique for measuring functional diversity of the microbial community (Choi & Dobbs, 1999 , Kirk et al., 2004 that has been applied in numerous similar studies (Derry, Staddon, & Trevors, 1998 Figures S1-S10.
| Analysis of Ecoplate data
Average Well Colour Development (AWCD), a widely used parameter derived from Ecoplate data (Choi & Dobbs, 1999 , Garland, 1996 , Weber & Legge, 2010 , was calculated using Equation (2), where A i represents the absorbance reading of well i, and A 0 is the absorbance reading of the blank well.
The Shannon Diversity Index, H, was also calculated from the well data using Equation (3), where p i is the ratio of the absorbance of a particular well, i, relative to the sum of absorbances for all 31 wells (Kirk et al., 2005 , Weber & Legge, 2010 .
2.6 | Determination of C mic and qCO 2 C mic (mg C kg −1 ) was determined at 0 days, 1 week, and 40 weeks only, using a procedure based on the chloroform fumigation/K 2 SO 4 extraction method of Powlson (Jenkinson & Powlson, 1976, Vance, Brookes, & Jenkinson, 1987) . C mic (mg C kg −1 ) was calculated from Equation (4), where ΔTOC (mg C L −1 ) is the difference between the total organic carbon concentrations for the fumigated and nonfumigated samples; K ec is a soil specific factor for converting extractable carbon to biomass carbon, taken as 0.45 in this case (Sparling, Feltham, Reynolds, West, & Singleton, 1990) ; V is the K 2 SO 4 extraction volume (L); and m is the mass of soil extracted (kg, dry weight). Additionally, the soil metabolic quotient, qCO 2 (mg CO 2 -C g −1 C mic hr −1
), was calculated from the quotient of the soil respiration rate (corrected to mg CO 2 g −1 hr −1 ) and C mic .
2.7 | PCA analysis of dataset PCA analysis is ideally suited to discern relationships between PAH degradation (16 USEPA PAHs) and trends in the observed biotic parameters (soil respiration rate, AWCD, H, and microbial biomass). Canoco 5 (Smilauer & Leps, 2014 ) was used to carry out the analysis and visualisation of the PAH degradation data (all 16 PAHs), using the biotic parameters and sole carbon substrate utilisation as explanatory factors.
3 | RESULTS AND DISCUSSION 3.1 | Effect of metal treatment on PAH loss Figure 1 shows the overall profile for the loss of total extractable PAH concentration from soil microcosms over a 40-week period under different treatment conditions. Up to 80% removal of extractable total PAH concentration was observed in the control microcosm. Corresponding percentage reductions in removal for different metal treatments (20.7% for Pb, 27.7% for Cd, and 37.6% for Hg, at the highest concentrations) are detailed in Table 2 . It is noteworthy from Figure 1 that the curves for the loss of total extractable PAH are biphasic. In an earlier paper, using data from this same study but focussing only on the kinetics of PAH loss (Deary et al., 2016) , we explained this biphasic behaviour by proposing a novel model, whereby the majority of PAH biodegradation takes place on the solid soil phase, but that additional physical processes are responsible for transfer of these compounds to successively more bioinaccessible phases, ultimately to phases that are neither bioaccessible nor chemically extractable. The first step of the biphasic curve comprises both biological and physical processes, whereas the second step comprises only a physical process that 'locks'
the PAHs within an inaccessible phase of the soil matrix (Deary et al., 2016) . It follows that only the first step can be affected by the presence of toxic metals. The relative magnitude of these kinetic processes will vary depending on the soil organic matter (OM) content; the physical processes are likely to be less important for soils with lower OM content than in the present study. Furthermore, the degree to which the loss of individual PAHs can be affected by the presence of metal co-contaminants will be dependent on the relative rate of biodegradation compared with the rate of migration to nonbioaccessible phases of the soil; this will be a function of PAH structure and will be discussed in Section 3.4. The loss of PAHs in the Hg-spiked abiotic control microcosms can be attributed to the biodegradation that occurs during the initial recovery in biological activity (i.e., before respiking at Week 7) and to the migration of PAHs to nonextractable soil phases (Deary et al., 2016) . Volatilisation of lower molecular weight PAHs from upper layers of the microcosms is also a possibility, though this was not quantified. Degradation profiles for individual USEPA PAHs under various treatment conditions can be found in Deary et al. (2016) , where they were used to develop a kinetic model for biodegradation.
The effect of metal treatment can also be considered for individual PAHs, as detailed in Table 2 . The presence of metal co-contaminants has a significant effect on PAH removal, with the greatest reductions (up to 50% for Cd and 41% for Pb) occurring for those PAHs that have the highest number of rings in their structure; these were also the most abundant PAHs at the beginning of the experiment. From Table 2 , it is apparent that at the lowest metal-spiked concentrations, Cd has a smaller effect across the range of PAHs than Pb, but that this relationship is reversed at the highest metal-spiked concentrations. It is well known that PAH structure is important in determining the extent of PAH degradation in soil, with the rate generally found to be inversely proportional to the number of rings in the molecule (Cerniglia, 1992 , Johnsen et al., 2005 , Wammer & Peters, 2005 . Other structural considerations, such as whether the molecule is alternant or nonalternant, have also been shown to be important (Wammer & Peters, 2005) . A very limited range of bacterial species has been found to grow on PAHs that contain five or more rings, and this has been attributed to limited availability of these compounds in the solution phase, with the consequence that suitable enzymatic pathways for their degradation have had limited opportunity to evolve in soil bacterial communities. Additional metal-induced stress is likely to have a disproportionate effect on the limited microbial communities that are capable of metabolising high molecular weight PAHs.
| Comparison of relative effects of metal treatment on soil respiration, AWCD, H, and PAH loss
Given the significant effects of metal co-contaminants on PAH loss, as described in the previous section, it is essential to understand how these effects relate to changes in the soil microbial community, as measured by a range of biotic parameters. It is also important to compare the effects of metal co-contaminants on biotic parameters in non-PAH amended soils, as well as the effect that PAH amendment alone has on the soil microbial community.
The effect of PAH and metal treatment on soil respiration rate, Ecoplate AWCD, H, and biomass content over a 40-week period is shown in Figure 2a -c, respectively. The corresponding percentage differences relative to the respective controls are shown in Figure 3a -c.
Compared with non-PAH-amended microcosms, Figure 2 shows that, at least initially, PAH amendment stimulates both soil respiration and AWCD for most treatments; H is also marginally stimulated. Whilst this difference diminishes with time for the metal-spiked treatments, for the controls it is apparent over the entire duration (apart from week 40, for soil respiration), especially for AWCD. Added PAHs are known to stimulate soil respiration, at least at lower concentrations, serving as a substrate to soil microflora (Lu, Xu, & Chen, 2013) , though higher concentrations of specific PAHs are known to have an inhibitory effect (Gogolev & Wilke, 1997 ).
Figure 2 also shows that for all treatments, including the nonmetal-spiked controls, soil respiration and AWCD decline over time.
The PAH amended and non-PAH amended control microcosms showed reductions of 79% and 70%, respectively, for soil respiration and 35% and 36%, respectively, for AWCD. The decline in biotic parameters for control treatments could reflect a decrease in substrate 2, 3, 5, 7, 9, 12, 15, 20, 25, 30, 35 , and 40 weeks. Orange bars and an asterisk indicate PAH-amended soils; green bars indicate non PAH-amended soils. Treatment labels are defined in Table 1 . All results are based on measurements from triplicate microcosms, except soil respiration, which used only one measurement. The error bars indicate ±1σ [Colour figure can be viewed at wileyonlinelibrary.com] quality with time; there is no replenishment of nutrients, as there would be in a natural environment (Stefanowicz, Niklińska, & Laskowski, 2009; Vanhala, 2002) . It could also reflect the adverse effects of experimental soil handling processes, which are known to influence the viability of those microbial species that are most sensitive to environmental conditions (Northcott & Jones, 2000 , Reid, Northcott, Jones, & Semple, 1998 . These results contrast with those for H, in Figure 2c , which showed that, with the exception of Hg treatments, for non-PAH-amended microcosms, there is only a minimal decrease in this parameter during the experiment. There is, however, a more defined decrease for PAH-amended soils.
The Hg treatments showed a sizeable initial reduction in H, followed by a significant recovery, before a further reduction after the second spiking that was necessary to maintain abiotic conditions. It is noteworthy that in both the absence and presence of PAHs, the reduction in H, relative to the control, never reaches the same level as it did with the initial Hg treatment, implying the emergence of some level of community tolerance. Niklinska, Chodak, and Laskowski (2006) have demonstrated the development of significant community tolerance of the soil microbial community to Hg in just 1 week, and Muniz, Lacarta, Pata, Jimenez, and Navarro (2014) have shown similar trends to ours for H over a period of only 100 hr in Cd amended soils.
For the majority of treatments, the presence of metal contaminants inhibits the rate of soil respiration compared with the control samples ( Figure 3a) ; however, for the lowest Pb and Cd concentrations, both in the presence and absence of PAHs, there appears to be some stimulation of respiration at certain periods during the study. The relative decrease in AWCD for the majority of treatments shown in Figure 3b is greatest for the PAH-amended microcosms, though for soil respiration rate and H, Figures 3a,c, respectively, there is a less discernable difference. Literature studies have shown that the combined action of PAHs and metal co-contaminants is greater than the effect of either on their own, for example, Cd/pyrene (Lu et al., 2013) and Cd/phenanthrene (Shen, Cao, Lu, & Hong, 2005) . It is also the case that in the absence of PAHs, Cd has a more significant inhibitory effect on AWCD, yet the reverse is true when PAHs are also present.
| C mic and qCO 2
C mic values shown in Figure 4a are consistent with the decreases observed for AWCD and soil respiration in Figures 2 and 3 . This measurement was carried out at only 3 points during the experiment (premetal spiking, after 1 week, and at 40 weeks). The results showed that C mic values (a) are stimulated in the presence of PAHs; (b) decline in all samples over the duration of the experiment; (c) decline at a greater rate for higher metal concentrations; (d) are more inhibited by Pb than Cd, and (e) exhibited the greatest reductions in the presence of PAHs, notwithstanding the initial stimulation. The relative toxicities of Pb compared with Cd may be dependent on soil OM concentration; in a study on a low organic carbon soil (1.93%), a spiking level of 100 mg kg −1 Cd showed greater inhibitory effects on C mic than that of a 1,000 mg kg −1 spiking of Pb (Akmal, Xu, Li, Wang, & Yao, 2005) . There are, however, wide disparities in the literature for relative toxicity of metals towards soil microflora (Baath, 1989; Giller, Witter, & Mcgrath, 1998) . Figure 4b , is a parameter considered to be inversely related to the efficiency with which the soil microflora can metabolise soil OM (Anderson & Domsch, 1990 , Lu et al., 2013 ). An increase in qCO 2 is often interpreted as an indication of stress on microbial communities, for example, as a response to contamination or disturbance (Brookes & Mcgrath, 1984 , Fließbach, Martens, & Reber, 1994 , Wardle & Ghani, 1995 . Whilst this has been a matter of debate, Wardle and Ghani in their critique of its use, conclude that it is 'most appropriately used as an index of adversity of environmental conditions' (Wardle & Ghani, 1995) . In such conditions, the soil microflora requires increased energy expenditure for physiological adaptations necessary for survival, with less energy available for incorporation into biomass (Killham, 1985; Schindlbacher et al., 2011; Vittori Antisari, Carbone, Gatti, Vianello, & Nannipieri, 2013; Zhang et al., 2010) . qCO 2 has been shown in the literature to be a sensitive marker for metal contamination, both for long-term polluted sites (Renella, Mench, Landi, & Nannipieri, 2005; Yao, Xu, & Huang, 2003; Zhang et al., 2010) 
| PCA analysis
PCA analysis was used to elucidate the relationships between biotic parameters and the extent of degradation of the PAHs. Figure 5 shows a time series (1, 5, 12, 20, 30, and Table 3 .
Looking at the trends in explanatory factors across the weeks in Figure 5 , we see at Week 1 that the extent of degradation is largely correlated with soil respiration rate, AWCD, and biomass content. In contrast, H, relating to the diversity of substrate utilisation, and thus to the diversity of the microflora, is negatively correlated with the extent of PAH degradation and with the other biotic parameters. Similar negative relationships between microbial diversity and extent of biodegradation have been observed in the literature for diesel contamination, where it has been attributed to reduced competitive stress on the key biodegrading species, as noted in the introduction (Bell et al., 2013; Jung et al., 2016 Whilst Pb, Cd, and Hg co-contaminants do have a substantial effect on overall and individual PAH removal efficiencies, the simultaneously determined biotic parameters show a resilient soil microbial community that is capable of significant biodegradation even in soils that are highly contaminated with metals. Also, it is likely that significant PAH removal may occur via a physical process, whereby PAHs successively migrate to soil phases are neither bioavailable nor extractable. Finally, soil microbial diversity was observed to be negatively associated with greater overall PAH removal for the initial period of the experiment (up until Week 12). Negative associations between microbial diversity and biodegradation have been reported in the literature for other organic contaminants, but as far as we are aware, this is the first such report for PAHs.
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